Abstract Semi-continuous production of pyroclastic material by intermittent strombolian, vulcanian and sub-plinian eruptions at Volcán Tungurahua, Ecuador has created a persistent raintriggered lahar hazard during the 1999-present eruptive episode. Lahars threaten the city of Baños, which lies approximately 8 km from the crater, as well as other villages and vital infrastructure situated in close proximity to the dense radial drainage network of the volcano. This study analyses the initiation of rain-triggered lahars and the influence of antecedent rainfall on this process in two northern instrumented drainages, La Pampa and the Vazcun. Analysis of lahar-triggering rainfall intensity and duration between March 2012 and June 2013 yields a power-law relationship, whilst receiver operating characteristic (ROC) analysis indicates that peak rainfall intensity (10, 30 and 60 min) is the most effective single predictor of lahar occurrence. The probability of a lahar exceeding a pre-defined magnitude increases with peak rainfall intensity. Incorporation of antecedent rainfall (24 h and 3, 5 and 7 days) as a secondary variable significantly impacts lahar probabilities, particularly during moderate-high-intensity rainfall events. The resultant two-and three-dimensional lahar probability matrices are applied to rainfall data between 1st July and 31st December 2013 with the aim of predicting lahar occurrence. Composite lahar indicators comprised from the mean lahar probability estimates of individual matrices are shown to perform this task most effectively. ROC analysis indicates a probability >80 % that these composite indicators will generate a higher estimated lahar probability for a randomly selected lahar event than a randomly selected non-lahar event. This method provides an average of 24 min of additional warning time compared with the current acoustic flow monitors (AFMs) used for lahar detection, effectively doubling warning times for key downstream infrastructure in the two drainages. Ultimately, this method of lahar analysis could be used to construct real-time probabilistic rain-triggered lahar forecasts as an aid to current lahar hazard mitigation techniques at any location with a significant rain-triggered lahar hazard and a basic instrumental setup.
Introduction
Volcán Tungurahua (latitude 01°28′ S; longitude 78°27′ W) is a 5023-m-high stratovolcano located in the Eastern Cordillera of the Ecuadorian Andes (Fig. 1) , lying approximately 120 km south of Quito and 33 km Southeast of Ambato, the capital of Tungurahua Province (Hall et al. 2013) . The steep-sided edifice features a radial drainage pattern, whilst the Puela, Chambo and Pastaza rivers surround the volcano to the South, West and North, respectively. The Pastaza river flows eastwards, past the city of Baños (population 18,000), which lies c. 8 km North of the summit of the volcano at an altitude of 1800 m above sea level (Williams et al. 2008; Eychenne et al. 2012; Hall et al. 2013) . Baños is a popular tourist destination, and its population increases to as much as 50,000 during holiday periods (Hall et al. 2013 ). Due to its location, the city (along with surrounding smaller villages) is threatened by numerous hazards from Tungurahua, including lahars, pyroclastic density currents (PDCs) and ashfall (Williams et al. 2008 ). This issue is further exacerbated by recent increases in population, infrastructure and economic activity in the region (Biggs et al. 2010) . The primary road linking Baños with the Pan-American Highway and other provincial cities crosses several of the lahar-prone northern drainages of Tungurahua; whilst smaller roads which reduce travel times to the large city of Riobamba cross many of the western drainages (Sorenson et al. 2003) .
Previous lahar-centric studies at Tungurahua have focused on the modelling of single flow events (Williams et al. 2008) . This contrasts with studies of lahar initiation thresholds over a significant time period such as those undertaken at Mt. Pinatubo Martinez et al. 1996; Rodolfo et al. 1996; Tungol and Regalado 1996; Van Westen and Daag 2005) ; Mt. Mayon (Rodolfo and Arguden 1991) , Mt. Merapi (Lavigne et al. 2000a; Lavigne et al. 2000b) , Mt. Semeru (Lavigne and Suwa 2004) , Soufriere Hills (Barclay et al. 2007 ), Volcán de Colima (Capra et al. 2010) , Sakurajima (Hikida et al. 2007 ) and Yakedake (Okano et al. 2012) . This study presents an evaluation of the lahar activity within two lahar-prone Northern drainages of Tungurahua between March 2012 and December 2013, with a primary focus on the impacts of antecedent rainfall on the probability of lahar occurrence.
Eruptive activity at Tungurahua
Since Spanish colonial records began in 1532 AD, Tungurahua has displayed frequent eruptive activity (Hall et al. 1999) . There are 17 known distinct eruptions during this timespan, and an average of one major eruptive episode per century. Such major eruptions have occurred in 1640-1641, 1773-1777, 1886-1888, 1916-1918 and 1999-present and range in composition from basaltic andesite to dacite (Hall et al. 1999; Le Pennec et al. 2008; Biggs et al. 2010) .
The current period of eruptive activity began in October 1999 after approximately 80 years of dormancy and has featured intermittent strombolian, vulcanian and sub-plinian eruptions (Eychenne et al. 2012; Hall et al. 2013) . Eruptive products have been predominantly andesitic (58-59 % SiO 2 ) with rare dacitic outbreaks (Samaniego et al. 2011; Eychenne et al. 2012; Hall et al. 2013 ). This activity (VEI 1-3) has been characterised by lava emissions, tephra falls, PDCs and lahars; with one explosive phase in August 2006, producing PDCs with runout distances of 7.5-8.6 km. These flows reached the base of Tungurahua's edifice and caused six fatalities (Eychenne et al. 2012; Douillet et al. 2013a; Douillet et al. 2013b; Hall et al. 2013; Bernard et al. 2014) . May 2010 included another explosive eruptive phase featuring PDCs with runout distances of 1-3 km (Eychenne et al. 2012; Myers et al. 2014) , whilst more recently eruptive activity in July 2013 and February, April and August 2014 has produced PDCs and ashfall deposits.
Lahar background
A lahar is commonly defined as 'a rapidly flowing mixture of rock debris and water (other than normal stream flow) from a volcano' (Smith and Fritz 1989) . Therefore, the term lahar describes a continuum of flow types, often categorised in scientific literature into sub-divisions such as debris flows (>60 % sediment by volume), hyperconcentrated flows (20-60 % sediment by volume) and streamflows (<20 % sediment by volume) (Fagents and Baloga 2006; Doyle et al. 2010) . Liquid-solid interactions within a lahar can be highly variable on both a spatial and temporal scale due to erosional and depositional processes, including bulking (the increase in flow volume by erosion), de-bulking (volume loss by selective deposition), dilution (the increase in flow volume via the interaction with a water source) and infiltration (the loss of liquid into permeable substrates) (Fagents and Baloga 2006) .
Lahar initiation requires a supply of volcaniclastic material, a source of water, adequate relief and a trigger mechanism. The latter can include crater lake ejection (Kilgour et al. 2010) , crater lake breaching Massey et al. 2009 ), syn-eruptive melting of ice and snow by PDCs and surges (Lowe et al. 1986; Major and Newhall 1989; Pierson et al. 1990; Waythomas et al. 2013 ); debris avalanche de-watering (Cummans 1980) and rainfall initiation (Waldron 1967; Rodolfo and Arguden 1991; Major et al. 1996; Rodolfo et al. 1996; Hodgson and Manville 1999; Lavigne and Thouret 2003; Barclay et al. 2007; Capra et al. 2010; Dumaisnil et al. 2010; de Bélizal et al. 2013) . The primary initiation mechanism at Tungurahua is that of rainfall on fresh pyroclastic deposits. Rain-triggered lahars occur due to a variety of specific mechanisms. These mechanisms include rilling and erosion due to heightened Hortonian overland flow as a result of deposit saturation (Horton 1945; Collins et al. 1983; Collins and Dunne 1986; Kean et al. 2011) , as well as shallow landslides (often above an internal detachment surface such as a contact between ash layers) via buoyant support provided by heightened sub-surface water pressure within saturated deposits (Iverson and Lahusen 1989; Hodgson and Manville 1999; Manville et al. 2000; Crosta and Dal Negro 2003; Zanchetta et al. 2004) . Additional competing processes involved in raintriggered lahar initiation are those of surface crust formation and rain splash erosion (Fiksdal 1982; Collins et al. 1983; Collins and Dunne 1986; Folsom 1986; Bradford et al. 1987a; Leavesley et al. 1989; Manville et al. 2000) . Below a rainfall kinetic energy threshold, rain beat compaction forms a runoff-enhancing surface crust on pyroclastic deposits that enhances Hortonian overland flow and encourages potential lahar formation via sheetwash. Once this rainfall kinetic energy threshold is exceeded, the detachment of surface particles by splash erosion becomes the dominant process rather than crust formation (Wang et al. 2014) . Rain splash erosion of this nature has high erosional potential, and whilst it does not decrease deposit infiltration rates like surface crust formation, it does increase the amount of available material that can be easily transported (Bradford et al. 1987a; Wang et al. 2014) . Other factors which have been identified as impacting the nature of the rain-triggered lahar hazard include pyroclastic deposit thickness (Rodolfo and Arguden 1991; Janda et al. 1996; Scott et al. 1996) , the grain-size distribution of the pyroclastic material (Yamakoshi and Suwa 2000; Ogawa et al. 2007; Craddock et al. 2012) , deposit volatile content (Waldron 1967) , slope angle (Gómez et al. 2003), vegetation coverage (Yamakoshi and Suwa 2000; Major and Yamakoshi 2005; Alexander et al. 2010) , vegetation type (Capra et al. 2010) , climate (Lavigne et al. 2007; Okano et al. 2012; de Bélizal et al. 2013) , the presence of volatile salts and/or hydrorepellent compounds (Murata et al. 1966; Waldron 1967; Capra et al. 2010 ) and the post-deposition age and experiences of the deposit (Fiksdal 1982; Major and Yamakoshi 2005) .
Lahars are a high-frequency hazard at Tungurahua due to high annual rainfall and the frequent eruptive activity which regularly replenishes supplies of loose unconsolidated pyroclastic material on the volcano. This hazard is further enhanced by the steep upper slopes of Tungurahua, which have an average gradient of c. 28° (Hall et al. 2013) . Tungurahua lies in the Intertropical Convergence Zone (ITCZ), and this results in warm, moist air from the Amazon lowlands condensing as it meets the Eastern Cordillera of Ecuador, giving rise to an estimated 3000 mm of annual rainfall. However, sharp topographic irregularities and high relief in the region produce significant spatial variability and numerous local microclimates (Garreaud 2009; Le Pennec et al. 2012; Hunink et al. 2014 ) so that some high altitude locations receive >6000 mm year −1 due to enhanced orographic rainfall (Garreaud 2009 ). Summer precipitation in the region is typically characterised by intermittent aguaceros (deluges) between dry periods whilst winter precipitation usually occurs in the form of more sustained lovizna (drizzle) that gives larger total rainfall (Le ).
Methods

Study region
The Vazcun and La Pampa catchments located on the northern slopes of Volcán Tungurahua are the focus of this study (Fig. 3) ). The Vazcun is generally steeper (mean slope 40.4°versus 31.8°), but both catchments have a similar maximum gradient (77.0°and 77.6°, respectively). These two drainages were selected for analysis due to the high frequency of rain-triggered lahars within them, their proximity to human activity and vital infrastructure and the fact that they are instrumented (Fig. 3) .
Following the onset of new eruptive activity in October 1999, the majority of lahars in the La Pampa drainage partially or totally blocked the road between Baños and the PanAmerican Highway for hours or even days (Fig. 2c) . No injuries or fatalities occurred as a result but several cars have been buried by lahar deposits after failed attempts to cross the La Pampa during the early-stages of flow inundation. In 2008 this issue was alleviated by the construction of a bridge; however large lahars still pose a risk to this vital piece of infrastructure. One of the largest known lahars in the La Pampa catchment occurred on the 10th May 2000, with an estimated peak discharge of 110 m 3 s −1 and a flow volume of at least 1×10 5 m 3 . The El Salado Baths are a popular visitor attraction within the Vazcun Valley located approximately 1 km upstream of Baños. These baths host around 300 visitors/day in peak season, and on the 12th February 2005, the outer walls were partially destroyed by a large lahar (Fig. 2) (Williams et al. 2008) . This flow came within tens of centimetres of inundating the baths, had a peak discharge of approximately 100 m 3 s −1 and an estimated total volume of 5.4-7×10 4 m 3 (Williams et al. 2008) . The El Salado Baths remain a location at risk from lahars in the Vazcun Valley, along with the primary road bridge approximately 1 km further downstream and other structures proximal to the drainage in western parts of Baños. Acoustic flow monitors (AFMs) perform simple signal processing on the ground vibration signals picked up by cheap and robust geophones to detect the passage of lahars (e.g. Pinatubo (Tungol and Regalado 1996) , Merapi (Lavigne et al. 2000b) and Ruapehu ). There is a (Fig. 3 ) and provides rainfall data every 5 min at a sensitivity of 0.5 mm.
Tungurahua is monitored from the Tungurahua Volcano Observatory (OVT), operated by the Instituto Geofísico, Escuala Politécnica Nacional (IGEPN) and located approximately 12 km NNW of the crater. In addition to the monitoring at OVT, a community-based monitoring system consisting of a network of volunteers known as vigias has existed at Tungurahua since 2000 (Stone et al. 2014 ). This network currently consists of approximately 35 vigias and fulfils multiple risk reduction roles by working collaboratively with both local communities and the scientists at OVT (Stone et al. 2014 ).
Datasets
AFMs can yield information regarding flow magnitude via the calibration of output data with visual observations of active flows and their velocity and stage height, assuming that sediment concentration and grain-size distribution are constant. Sequential AFMs along the same channel can indicate the frontal propagation velocity of flows (Lavigne et al. 2000b; Marchi et al. 2002; Cole et al. 2009 ). The sediment concentration and grain-size distribution of flows can also be inferred if broadband seismometers are utilised in conjunction with AFMs (Burtin et al. 2008; Cole et al. 2009; Kumagai et al. 2009; Zobin et al. 2009; Schneider et al. 2010) . Debris flows typically peak in the low band (<100 Hz) of AFMs whilst hyperconcentrated flows and streamflows typically peak at higher frequencies (Marcial et al. 1996; Huang et al. 2004; Cole et al. 2009; Doyle et al. 2009 ). The AFMs installed at Tungurahua use L10AR digital exploration geophones with a maximum dynamic range of 3.8×10 −3 cm s −1 vertical ground velocity: signal processing produces amplitude measures in low-(10-100 Hz), high-(100-300 Hz) and full-frequency (10-300 Hz) bands. AFM data at Tungurahua comprises daily spreadsheets containing timestamp, average low-band amplitude, average high-band amplitude, average full-band amplitude and battery functionality at a resolution of 5 min. Rainfall data also consists of daily spreadsheets, containing 5-min resolution information regarding measured rainfall to a sensitivity of 0.5 mm.
Initial data processing involves compilation and synchronisation of Vazcun AFM, La Pampa AFM and Pondoa rain gauge data to enable the initial identification of lahar activity and rainfall events.
Event selection
Two primary criteria have been employed to select events for further study. First, if at least 10 mm of rainfall is recorded in a single event at the Pondoa rain gauge, then the event will be analysed. A rainfall event is defined in this instance as a period of recorded rainfall between two dry spells of 6 h or longer. This minimum inter-event time of 6 h is selected due to its frequent use in soil erosion studies (Wischmeier and Smith 1978; Todisco 2014 ) Second, events on the AFM records that feature sustained low-band amplitudes of >100 counts for >10 min will also be analysed.
A lahar 'alert' event occurs when the pre-defined 'alert' threshold in the low band signal is exceeded for consecutive recordings (i.e. >10 min). This binary alert system detects lahars with discharges that could pose a potential risk to people and/or infrastructure. During this study period, the thresh- , respectively. This study thus provides a detailed analysis of all rainfall events of ≥10 mm recorded at the Pondoa rain gauge between March 2012 and December 2013, as well as detailed analysis of all significant lahar activity in the Vazcun and La Pampa drainages over the same duration.
Intensity/duration analysis
Lahar-triggering rainfall is here defined as 'rainfall that includes no pauses longer than 30 min and results in a flow that exceeds a pre-defined AFM amplitude' (Tungol and Regalado 1996) ; in this case, the pre-defined AFM amplitudes are the lahar alert thresholds described above. Analysis of lahartriggering rainfall duration and lahar-triggering rainfall intensity has been frequently utilised as a means of examining lahar initiation thresholds at many volcanoes, e.g. in the Philippines (Rodolfo and Arguden 1991; Arboleda and Martinez 1996; Martinez et al. 1996; Rodolfo et al. 1996; Tungol and Regalado 1996; Van Westen and Daag 2005) , Indonesia (Lavigne et al. 2000a; Lavigne et al. 2000b; Lavigne and Suwa 2004) , Mexico (Capra et al. 2010) , Montserrat (Barclay et al. 2007 ) and Japan (Hikida et al. 2007; Okano et al. 2012 ). This analysis typically produces a power-law relationship suggesting lahar initiation occurs along a continuum from short duration, high intensity rainfall events to long duration, low-intensity events. 
Receiver operating characteristic analysis
The intensity/duration (I/D) analysis method does not take into account factors such as antecedent rainfall magnitude and eruptive activity that could impact both rainfall-runoff relationships and sediment availability, potentially affecting the rainfall thresholds required to initiate lahars of a given magnitude. Here, the influence of these factors is investigated using receiver operating characteristic (ROC) analysis within the IBM SPSS statistics software package. ROC analysis is a common diagnostic test that was first utilised during World War II to assess the ability of radar systems to differentiate between noise and signals associated with enemy planes (Swets et al. 1988 ). This method illustrates the performance of a binary classifier system as different contributing instances are assessed (Fawcett 2006) . In this case, the binary classifier system is the presence (or lack) of a lahar alert during a rainfall event of 10 mm or above. ROC analysis is used to investigate the sensitivity of lahar alert occurrence in the Vazcun and La Pampa drainages to potential contributing variables between March 2012 and June 2013. These variables are total event rainfall, peak rainfall intensity, antecedent rainfall, number of recorded explosions and elapsed time since last reported PDC activity. In order to apply this analysis technique to lahars at Tungurahua, the potentially contributing factors need to be defined and quantified. Total Event Rainfall is defined as the rainfall recorded between two dry periods of ≥6 h. Rainfall events featuring ≥10 mm of total rainfall are utilised in the ROC analysis, with total rainfall recorded at a resolution of 0.5 mm.
Peak rainfall intensity (mm/min) is defined as the maximum rainfall intensity value recorded by the Pondoa rain gauge during the same rainfall event that produced the relevant lahar alert. Rainfall intensity is analysed during all rainfall events ≥10 mm and is recorded at a time resolution of and Pinatubo Sacobia lahars in 1992 (Tungol and Regalado 1996) are also displayed for comparison 5 min for three rainfall intensity time scales; 60, 30 and 10 min.
Antecedent rainfall is calculated for each analysed rainfall event at a resolution of 0.5 mm. Four antecedent rainfall, timescales are recorded; 24 h and 3, 5 and 7 days. In the case of a lahar alert event, the antecedent rainfall is calculated for the period preceding the onset of the relevant rainfall event.
In order to analyse the relationship between renewed sediment supply and lahar occurrence, an eruptive activity timeline for the data period was created from the daily activity reports published by IGEPN. These reports contain information on long-period, volcanic-tectonic and tremor seismicity, number of explosions, visibility level, evidence of ash fall, observed plume height, wind direction, evidence of PDC activity and runout distance/direction of PDCs. Due to its reliance on qualitative observations, the volume of information available varies on a daily basis. Figure 5 illustrates the potential use of such a timeline by displaying time since last PDC activity and daily recorded explosions at Tungurahua as potential proxies for eruptive activity and thus sediment supply. This timeline also features daily rainfall and the timing of lahar alert events between March 2012 and June 2013 (Fig. 5) . Figure 5 does not visually suggest that the upper catchments of the Vazcun and La Pampa drainages are sediment limited, with lahar alerts occurring throughout the data period during high-magnitude rainfall events, irrespective of the timing of eruptive activity. Explosion frequency over five different timescales (24 h and 3, 7, 30 and 60 days) and time since last reported PDC activity are used in the ROC analysis as proxies for sediment supply in an attempt to statistically analyse the impacts of the eruptive cycle upon lahar alert occurrence.
The primary graphical output of ROC analysis is called a ROC curve (Fig. 6) . Such curves plot the percentage of true positives against the percentage of false positives for each possible diagnostic threshold value (Swets et al. 1988; Fawcett 2006 ). The ROC curve of a perfect diagnostic test would begin in the lower left corner of a plot, go straight up to the upper left corner and then to the upper right corner, indicating that it is both 100 % sensitive and 100 % specific (Swets et al. 1988; Fawcett 2006) . Conversely, a random test with correct diagnosis odds of 50/50 would theoretically produce a diagonal line from the lower left corner to the upper right corner. The effectiveness of diagnostic tests can thus be compared by evaluating the area of the graph which lies under the ROC curve; a perfect test producing an area of 1 and a random test producing an area of 0.5 (Swets et al. 1988; Fawcett 2006 ).
ROC curves
Figure 6a displays lahar alert centric ROC curves for the three peak rainfall intensity timescales (10, 30 and 60 min) and total event rainfall, Fig. 6b displays lahar alert centric ROC curves for four antecedent rainfall periods (24 h and 3, 5 and 7 days) and time since last PDC activity, whilst Fig. 6c displays lahar alert centric ROC curves for reported explosion frequency over the five timescales ranging from 24 h to 60 days. The three peak rainfall intensity timescales (ROC areas >0.8), and to a lesser extent total event rainfall (ROC area >0.76), are the most effective independent predictors of lahar alert occurrence (Fig. 6a) . All four of these variables achieve statistical significance at a level >99 %. Conversely, antecedent rainfall, explosion frequency and time since last PDC activity show no relationship with lahar alert occurrence (i.e. they plot close to the diagonal reference line representing a random relationship) (Fig. 6b, c) .
Probabilistic analysis
Probabilistic analysis of lahar alert occurrence is a potentially useful tool for lahar hazard mitigation. ROC analysis indicates that the best individual indicator of lahar alert occurrence is peak rainfall intensity (Fig. 6) , and therefore this variable is utilised to investigate lahar alert probability. Figure 7 displays the variation in lahar alert probability as peak rainfall intensity increases for rainfall events ≥10 mm (n=99, of which 30 were associated with 44 separate periods of lahar alert). The 10-mm rainfall event analysis criterion excludes two lahar alertproducing rainfall events: i.e. 6.25 % of rainfall events that produced a lahar alert signal did not exceed our rainfall event threshold (≥10 mm of rain) in the Vazcun and La Pampa drainages between March 2012 and December 2013.
Several previous studies have suggested that high levels of antecedent rainfall functions to saturate deposits, increase runoff and thus lower the rainfall required to trigger lahars (Lavigne et al. 2000a; Barclay et al. 2007; Okano et al. 2012) . Therefore, high antecedent rainfall would be expected to increase lahar probability across a whole spectrum of rainfall conditions. Despite displaying little correlation with lahar alert occurrence when utilised as a single variable during ROC analysis (Fig. 6) , antecedent rainfall has a significant impact when used as a secondary variable in combination with peak rainfall intensity at Tungurahua (Fig. 8) . In the threedimensional probability plots in Fig. 8 , lahar alert probability increases when antecedent rainfall is increased, but only during moderate-high peak rainfall intensity events. At low peak rainfall intensities, the lahar probability is relatively unaffected by antecedent rainfall impacts. This pattern could be explained by two mechanisms. Firstly, the infiltration rates of Tungurahua eruptive deposits may remain sufficiently high, even after significant antecedent rainfall, to prevent lahartriggering runoff during low-intensity rainfall but not during moderate and high rainfall intensity events. Secondly, antecedent rainfall could increase the bulking efficiency of lahars due to higher water content in channel floor deposits: lowintensity rainfall fails to trigger lahars regardless of channel saturation, but moderate-high-intensity rainfall-triggered lahars more readily grow to a level where they trigger an alert. Increased bulking efficiency under high antecedent rainfall conditions is attributed to the development of positive pore pressures in saturated channel floor sediments as the flows pass over them (Iverson et al. 2010; Reid et al. 2011) , promoting progressive bed scour, introducing additional fluid to the lahar and preventing fluid loss from the flow into the channel floor (Kean et al. 2011 ). In summary, we infer in this specific case that increased antecedent rainfall does not reduce lahar initiation thresholds; instead it acts only to increase lahar alert probability at high rainfall intensities.
Predicting events-'Real-time' Lahar forecasting
As a test of the utility of using the two-and three-dimensional probability matrices displayed in Figs. 7 and 8 as a tool to predict lahar alert probability using 'real-time' rainfall data, we examined the rainfall record between 1st July and 31st December 2013. As this time period is included in the construction of Figs. 7 and 8 (composed of 99≥10 mm rainfall events between 1st March 2012 and 31st December 2013), each rainfall event is analysed using probability matrices constructed from the other 98 rainfall events in order to minimise bias. The optimal method for this testing would use probability matrices constructed from all events that had occurred prior to the test-event; however, due to the limited size of the dataset and considering the relatively constant lahar hazard at Tungurahua, all 98 other rainfall events are used to construct the probability matrices in order to maximise the amount of information in the subsets of each matrix (Druzdzel and van der Gaag 2000) . All ≥10 mm rainfall events in the test period were analysed to estimate the associated lahar alert probability, and then our predicted lahar alert catalogue (Table 1) was compared with the actual lahar alert record.
For example, a single rainfall event on 20th December 2013 produced a lahar alert signal in the La Pampa drainage (Fig. 9) . Calculated lahar alert probability goes up as peak rainfall intensity increases with time during the rainfall event (Fig. 9) . Significantly, peak estimated lahar alert probability for each of the three displayed matrices occurs prior to triggering of the (AFM-derived) lahar alert signal by the flow itself. Calculated peak lahar alert probability estimates for all ≥10 mm rainfall events between 1st July and 31st December 2013 are displayed in Table 1 . Comparison with the actual lahar alert record enables the performance of the two-and three-dimensional probability matrices to be assessed using ROC analysis.
Each column in Table 1 is analysed relative to the real-life occurrence or non-occurrence of lahar alert signals during the 30 featured rainfall events between 1st July and 31st December 2013. ROC curves and associated statistics (Table 2) , describing the performance of each set of peak estimated lahar alert probabilities are generated and a selection of these curves are displayed in Fig. 10 . Results show mixed 
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performance by the individual probability matrices shown in columns A-P of Table 1 . Several matrices achieved ROC curve areas >0.8 and statistical significance at a level of 95 % (p value ≤0.05), displaying effective lahar prediction, Fig. 7 Two-dimensional probability plots displaying the variation in lahar alert probability as peak rainfall intensity increases; 10-min peak rainfall intensity (top); 30-min peak rainfall intensity (middle); 1-h peak rainfall intensity (bottom). March 2012-December 2013 data Fig. 8 Three-dimensional probability plots depicting the probability of a lahar alert (scale on vertical axis) in the Vazcun and La Pampa drainages based on various peak rainfall intensities and antecedent rainfall conditions. March 2012-December 2013 Table 1 Peak estimated lahar alert probabilities during all ≥10 mm rainfall events occurring between 1st July and 31st December 2013; as predicted by all available probability matrices. In addition to the outputs of the individual probability matrices (columns A-O), categorised mean probabilities are also displayed (columns P-Y) Black rows depict lahar alert-producing events. Grey rows represent events which did not trigger a lahar alert signal. White rows display events which did not feature available AFM data whilst other individual matrices performed less effectively over the test period. The performance of the 'composite' lahar indicators (composed of the mean probability outputs of multiple individual probability matrices) displayed in columns P-Y of Table 1 was more consistently effective; 90 % of these composite indicators achieved statistical significance at a level of 95 % and they produced ROC curve areas ranging from 0.71 to 0.89 with a mean value of 0.80. The timing of the calculated peak lahar alert probabilities is also important, in addition to the performance of the probability matrices in predicting lahar alerts. This method of probabilistic analysis only provides a significant advance over the real-time AFM outputs if it consistently predicts potential lahars before such flows are detected by AFMs. Table 3 considers the 8 known lahar alert signal events that took place between 1st July and 31st December 2013 and assesses the time of peak estimated probability relative to the initial generation of the lahar alert signal. The mean additional warning time per matrix type ranges from 17 to 36 min with a mean value of 24.5 min, whilst 75 % of the tested lahar alert events featured a mean additional warning time of >20 min (Table 3) . Lahar transit times between the La Pampa AFM and the primary road bridge crossing the drainage are currently estimated at 14 ± 2 min, whilst in the Vazcun, this value is estimated at 19±2 min.
Discussion
Rainfall I/D analysis Initial analysis of lahar alert triggering rainfall in the Vazcun and La Pampa drainages of Tungurahua indicated a powerlaw relationship between lahar-triggering rainfall intensity and duration. This is in common with previous studies of raintriggered mass-flow events in disturbed earth systems, such as other active volcanoes (Rodolfo and Arguden 1991; Arboleda and Martinez 1996; Tungol and Regalado 1996) (upper boundary) (Fig. 4) . The coefficients of the power-law relationship vary from volcano to volcano, likely as a function of a range of factors including the grain-size distribution of the pyroclastic material covering the flanks of the volcano. The relatively high position of the Mayon curve in Fig. 4 is probably due to the relatively high infiltration levels at Mayon as a result of the comparatively coarse, granular and porous volcaniclastic surface materials present on the slopes of the volcano (Rodolfo and Arguden 1991) . The three lower boundary curves at Pinatubo (Sacobia and Pasig-Potrero) and Tungurahua display relatively similar, overlapping thresholds, possibly due to finer ash, lower surface infiltration rates, and thus heightened surface runoff. Furthermore, the definitions of 'triggering rainfall' in Tungol and Regalado (1996) , Rodolfo and Arguden (1991) , Arboleda and Martinez (1996) and this study differ. The definition of a 'lahar event' also varies; Rodolfo and Arguden (1991) pick events subjectively judged to have reached debris flow status; Arboleda and Martinez (1996) and Tungol and Regalado (1996) use events which exceed a low band AFM value of 100 (estimated at 25 m 3 s −1
), and this study uses events that trigger a lahar alert signal (estimated at >10-15 m 3 s −1 in the Vazcun drainage and >20-25 m 3 s −1 in the La Pampa). All of these factors preclude I/D relationships derived at one volcano from being applied at another. Furthermore, in addition to the lack of standardisation within the process, the intensity/duration method is of limited use for real-time lahar prediction due to an inability to predict the likelihood of a lahar under any given set of rainfall parameters (Fig. 4) . Incorporating 'non-lahar' events into analytical methods in order to generate lahar alert probabilities is potentially a more valuable method from a lahar forecasting perspective.
ROC analysis
The initial aim of the probabilistic lahar alert analysis was to identify the key indicators of lahar alert occurrence. The ROC curves displayed in Fig. 6 indicate that peak rainfall intensity is the most accurate independent indicator of lahar alert occurrence. Conversely, antecedent rainfall, explosion frequency and time since last PDC activity are shown to be ineffective when used as independent indicators of lahar alert occurrence. Rainfall event magnitude (ROC curve area of 0.76) also displays statistically significant (>99 %) correlation with lahar alert occurrence, but to a lesser degree than peak rainfall intensity. This indicates that peak rainfall intensity is more effective than total volume of rainfall in predicting lahars large enough to trigger lahar alerts. From a physical viewpoint, short timescale, high-intensity rainfall may be more likely to overwhelm deposit infiltration capacity and generate laharforming surface runoff. Rainfall event magnitude (i.e. total rainfall) fails to make a distinction between low-intensity rainfall events which may not overcome such an infiltration rate threshold and higher intensity rainfall events which have the potential to do so.
The importance of short-term peak rainfall intensity relative to total rainfall in predicting lahar alerts highlights several potentially important competing processes. As discussed in the 'Introduction', surface crust formation due to rain beat compaction of fine eruptive material has been well documented at a number of volcanoes (Leavesley et al. 1989; Pierson et al. 1996; Manville et al. 2000; Yamakoshi and Suwa 2000) . This crust is often initially formed during post-deposition periods of high-intensity rainfall, reducing infiltration rates and increasing surface runoff, thus heightening the potential for rain-triggered lahars (Yamakoshi and Suwa 2000) . This process competes with rain splash erosion, which disrupts surface crusting once a rainfall kinetic energy threshold is exceeded, increasing the amount of material available for transport by Hortonian overland flow but also exposing more permeable substrates (Bradford et al. 1987b; Wang et al. 2014) . Rill formation similarly exposes more permeable substrates to subsequent rainfall events, but also yields additional sediment (Leavesley et al. 1989) . This dynamic between surface Table 2 Summary statistics relating to the receiver operating characteristic (ROC) analysis of the probability estimates shown in Table 1 , with respect to their ability to effectively predict lahar alert signals between 1st July and 31st December 2013
Grey rows indicate the matrices shown in Fig. 10 a Under the non-parametric assumption b Null hypothesis: true area=0.05 crusting of deposits, rain splash erosion and rill network formation plays an important role in lahar initiation (Leavesley et al. 1989; Yamakoshi and Suwa 2000) . Despite the potential of this cyclical process to create temporal and spatial variation in surface infiltration rates, peak rainfall intensity is shown by the ROC analysis to perform consistently well as an independent indicator of lahar alert occurrence in the Vazcun and La Pampa drainages at Tungurahua.
Probabilistic analysis and real-time forecasting
The probabilistic analysis of lahar alert occurrence displays the increasing probability of a lahar alert as peak rainfall intensity (10, 30 and 60 min) increases (Fig. 7) , as well as the impacts of antecedent rainfall upon these probabilities (Fig. 8) . This probabilistic analysis enables the calculation of an evolving lahar alert probability if the database is updated in real-time. It also enables the analysis of different time periods within the overall database; aiding assessment of temporal changes in lahar initiation thresholds and thus lahar occurrence probabilities. Such temporal changes can be due to catchment disturbances as a result of eruptive activity or landslides, fluctuations in sediment availability and seasonal meteorological variations impacting rainfall type and frequency.
The method also acknowledges the uncertainty associated with rain gauge location and meteorological variability. The telemetered Pondoa rain gauge at 2725 m on the Northern slopes of Tungurahua lies c. 1300 m below the estimated 'lahar initiation region'. As such there is likely to be significant spatial and temporal variation in rainfall between the two locations: i.e. six lahar alerts between March 2012 and December 2013 were not associated with any recorded triggering rainfall at the Pondoa gauge. A denser network of rain gauges at a variety of altitudes would aid the identification and reduction of uncertainty between actual and recorded rainfall. This rainfall variation is prevalent at Tungurahua due to the steep slopes, high relief and topographic irregularities. Orographic rainfall in particular could be more effectively captured if high altitude (>4000 m) rain gauges were installed; however, this would not be a cost effective measure given the likely lifespan of such instruments.
A probabilistic approach acknowledges the possibility of lahar occurrence when low rainfall intensities are recorded at the rain gauge as well as the potential for lahar absence when high rainfall intensities are recorded. This emphasises the potential benefit of simultaneously using multiple techniques for lahar hazard mitigation, with probabilistic lahar forecasting offering heightened warning times and the AFM network acting as a failsafe whilst also yielding additional information regarding specific lahar magnitudes and timing. With such an approach there is the potential for the occurrence of false alarms. Volcanology frequently exhibits the complexity of managing potentially high-impact hazards with variable probabilities and therefore the balance between issuing warnings and being concerned about false alarms is challenging (Donovan et al. 2014) . At Tungurahua, this balance would rely upon the effective performance of the lahar probability matrices, the AFM network and the community-based volcano monitoring of the vigía network. Vigías living near major lahar-prone valleys have previously been given motorbikes by Civil Defense so that they can check for lahars during rainfall whilst as a network they also act as a communication channel for increasing community awareness (Stone et al. 2014) . Therefore, they would act as a key component in both the early identification of any potential false alarms and in enhancing understanding within the communities as to why such false alarms could occur.
In order to test the lahar alert probability matrices in realtime, two-and three-dimensional probability matrices were applied to the rainfall record between 1st July and 31st December 2013. Assessment of the performance of the lahar alert probability matrices was achieved via ROC analysis of the peak output probabilities of each matrix relative to the actual lahar alert record during this time span (Table 1) . The results of this forecasting exercise show that dynamic lahar alert probability matrices based on peak rainfall intensity and antecedent rainfall have the potential to effectively predict lahar alert occurrence in conjunction with real-time rainfall data at Tungurahua. Effectiveness is improved when the output peak lahar probability estimates of different probability matrices (based on various timescales of peak rainfall intensity Fig. 10 Receiver operating characteristic (ROC) curves describing the ability of several of the probability matrices shown in Table 1 to predict the generation of lahar alert signals between July and December 2013. Corresponding ROC curve areas are displayed in the figure legend. The diagonal reference line depicts an example of a random relationship Table 3 Analysis of the additional warning time that is provided by the various probability matrices when applied to the eight lahar alert signal producing events between 1st July and 31st December 2013
The timescale of the antecedent rainfall consideration is not considered in this table as it only impacts the magnitude of the peak probability and has no effect upon its timing and antecedent rainfall) are combined and averaged to form a composite indicator of potential lahar occurrence. In addition to the effective prediction of lahar occurrence, only one significant false alarm (30 Nov 2013) occurred during this 6-month test period.
The timing of the peak lahar probability estimated from rainfall data relative to the generation of an AFM lahar alert signal is also important for assessing the potential applications of the method (Table 3) . Lahar prediction from rainfall data effectively doubles warning times based on AFM lahar alert signals alone in the Vazcun and La Pampa drainages. Automation of probabilistic analysis of real-time telemetered rainfall data at Tungurahua could act as an accurate first-stage lahar warning system at OVT for IGEPN, backed up by second-stage AFM alerts (event confirmation or failsafe), in addition to the community-based monitoring of the vigía network.
Conclusions
Investigation of rain-triggered lahars in two northern drainages of Tungurahua showed a power-law relationship between rainfall intensity (I) and duration (D), in common with previous studies at other active volcanoes and wild-fire impacted watersheds. 82.6 % of lahar events occur between a lower boundary of I=1.1D . ROC analysis demonstrated that peak rainfall intensity (10, 30 and 60 min) is the most effective predictor of lahar alert occurrence, whilst antecedent rainfall magnitude, explosion frequency and time since last known PDC activity have no value as independent indicators of lahar alert occurrence. Probabilistic analysis of all rainfall events of ≥10 mm confirmed this relationship for multiple peak rainfall intensity timescales, with escalating 10-, 30-and 60-min peak rainfall intensities demonstrating an increase in lahar alert probability.
Antecedent rainfall was shown to have significant impacts upon lahar alert probability when used as a secondary variable in conjunction with peak rainfall intensity, increasing lahar alert probabilities at moderate-high peak rainfall intensities but not during low-intensity rainfall events. Increased antecedent rainfall does not appear to reduce lahar initiation thresholds, due to relatively high saturated infiltration rates on the upper edifice of Tungurahua, but rather increases lahar alert probability during moderate-high intensity rainfall events by increasing flow bulking efficiency through entrainment of saturated channel deposits. Tungurahua does not appear to be sediment limited with respect to lahar initiation, with flows occurring consistently during the study period of March 2012-December 2013 irrespective of the cycle of eruptive activity.
Application of two-and three-dimensional probability matrices to real-time rainfall data between 1st July and 31st
December 2013 displayed the potential to predict lahar alert occurrence at a high level of confidence. Furthermore, lahar prediction based on composite indicators created from the mean values of multiple probability matrices yielded more reliable lahar warnings than the individual matrices. The matrix derived peak lahar probabilities yielded significantly earlier warnings than the AFM-based lahar alert signals, producing average additional warning times of over 24 min/event. Lahar transit times between the La Pampa and Vazcun AFMs and the primary road crossing of each drainage are estimated at 14±2 and 19±2 min, respectively. As such, this method displays the potential to significantly increase effective lahar warning times.
This study illustrates a probabilistic method of lahar analysis that could be used as a tool in lahar hazard mitigation at any location where rain-triggered lahars present a hazard. Currently, lahar warning systems typically depend on the exceedance of a single pre-defined AFM amplitude. Calibration of AFM records with visual observations of flow volumes, discharges, velocities and sediment concentrations can refine lahar detection to produce multiple AFM thresholds correlated with different peak discharges and/or flow properties. The addition of multiple flow magnitude thresholds into this probabilistic method could assist in the effective modelling of potential flow inundation and arrival times. Despite the low false alarm generation rate during the 6-month test period, uncertainty remains regarding the disparity between recorded rainfall at the Pondoa rain gauge and actual rainfall in the lahar initiation region. Further work on the spatial variation of rainfall at the volcano would test the strength of the Pondoa rain gauge as a single data source from which to make effective lahar predictions.
